Background-Long-term survival of heart transplants is hampered by chronic rejection (CR). Studies indicate the involvement of host macrophages in the development of CR; however, the precise role of these cells in CR is unclear. Thus, it is important to develop noninvasive techniques to serially monitor the movement and distribution of recipient macrophages in chronic cardiac allograft rejection in vivo. Methods and Results-We have employed a rat heterotopic working-heart CR model for a magnetic resonance imaging experiment. Twenty-one allograft (PVG.1U3 PVG.R8) and 9 isograft (PVG.R83 PVG.R8) transplantations were performed. Recipient macrophages are labeled via intravenous injection of micron-sized paramagnetic iron oxide particles (0.9 m in diameter) at a dose of 4.5 mg Fe per rat 1 day before transplantation. Serial in vivo magnetic resonance images were acquired for up to 16 weeks. The migration of labeled recipient cells in our CR model, in which cardiac CR is evident at 3 weeks and most extensive by 16 weeks after transplantation, can be assessed with the use of in vivo magnetic resonance imaging for Ͼ100 days after a single micron-sized paramagnetic iron oxide injection. The location and distribution of labeled recipient cells were confirmed with magnetic resonance microscopy and histology.
F or decades, numerous researchers have investigated the chronic rejection (CR) that occurs after organ transplantation to better understand the cause and to develop methods to prevent or manage rejection; however, CR remains the major obstacle to long-term allograft survival after heart transplantation. [1] [2] [3] Although the basic pathology of allograft hearts undergoing CR is arterial intimal thickening, comprising smooth muscle cell proliferation, fibrosis, and mononuclear cell infiltration, the precise role and contribution of immune cell infiltration in CR development are unclear. Previous studies have shown that CR is a process of ongoing recipient-donor alloimmune interaction and that cell-mediated immune responses significantly contribute to its pathology. 4 -6 Immunosuppressive therapies used after transplantation, although effective in controlling acute rejection, are not only ineffective in preventing CR but may also contribute to its pathology. 7 Many reports have implicated host macrophages in the development of CR. The evidence for the involvement of macrophages in CR includes intense presence of mononuclear cells, particularly macrophages, in arteriosclerotic lesions 8 and upregulation of cytokines associated with macrophage activation in a rat transplantation model of cardiac CR. 9 -11 In addition, the absence of macrophages has been found to inhibit CR, 8, 12 whereas early macrophage infiltration is correlated with a poor prognosis after transplantation. 13 Thus, it is important to monitor the recipient immune cell response, in particular macrophages, in cardiac allografts experiencing CR, but this can be challenging in vivo.
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Magnetic resonance imaging (MRI) is an established technique for noninvasive detection of cells in vivo with the use of contrast agents incorporated within target cells. Cells can be labeled with MRI contrast agents either ex vivo or in vivo. Although in vivo labeling is only effective for cells that can readily phagocytose or endocytose the contrast agents, such as macrophages, this labeling method is convenient and potentially can be readily applied to a clinical setting. 14 One class of cellular contrast agents for MRI is superparamagnetic iron oxide (SPIO) particles; cells containing SPIO can generate localized hypointense spots on T 2 *-weighted MR images. 15, 16 Most cellular MRI studies rely on the superior relaxivity of SPIO or ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles for image contrast. [17] [18] [19] However, to observe significant signal changes, many particles need to be within an imaging voxel. This problem can be resolved with ex vivo cell labeling because a higher labeling efficiency can be achieved but is challenging for in vivo cell labeling. Recently, it has been reported that micrometer-sized paramagnetic iron oxide (MPIO) particles can be utilized for labeling a number of cell types and can have significant advantages for cell-tracking studies because a single MPIOlabeled cell can be observed in vivo by MRI. 20 -23 Shirwan and coworkers 24 have developed a rat model for chronic cardiac allograft rejection by transplanting PVG.1U (RT1.A u B u D u C u ) hearts into PVG.R8 (RT1.A a B u D u C u ) rats. Cardiac CR is evident on postoperative day (POD) 20 and most extensive by POD 100 in this model. A distinct advantage of using this model is the antigenic simplicity and the development of CR without the use of immunomodulation, thus facilitating studies aimed at the elucidation of the immunological mechanisms of CR, including the effects of immunosuppressive drugs on CR.
The purpose of this study was to visualize the infiltration of individual recipient macrophages labeled with MPIO with the use of in vivo MRI during the development of cardiac CR in the PVG.1U3 PVG.R8 rat model.
Methods

Animals
Breeding pairs of PVG.1U (RT1.A u B u D u C u ) and PVG.R8 (RT1.A a B u D u C u ) rats were obtained from the University of Louisville and successfully bred at Carnegie Mellon University. Inbred male rats weighing 260 to 280 g aged 8 to 10 weeks were used for this study. Brown Norway rats weighing 260 to 280 g were used to measure the blood half-life of the MPIO particles. All animals were housed in the animal facility at the Pittsburgh Nuclear Magnetic Resonance Center for Biomedical Research and received humane care in compliance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication No. 96-03, revised 1996). The animal protocol was approved by the Carnegie Mellon University Institutional Animal Care and Use Committee.
Flow Cytometry
Genetic identity of rat breeding pairs was confirmed by typing 100 L of peripheral blood leukocytes collected from each rat tail vein with the use of antibodies specific for RT1.A in flow cytometry. Four rats from each strain were tested. Rat anti-rat RT1.A a,b,l -FITC monoclonal antibody (mAb) was used to identify PVG.R8 rat. Two blood samples from each rat were tested by staining with and without anti-rat RT1.A a,b,l -FITC mAb. Rat IgG 2b FITC was used as isotype control. All antibodies were purchased from Becton Dickinson (San Jose, Calif). Briefly, 50 L of heparinized blood was incubated with 20 L of RT1.A a,b,l -FITC mAb solution (1:20 dilution with PBS) for 30 minutes in the dark at room temperature. Samples were then mixed with 2 mL of lysing reagent (8.26 g/L of NH 4 Cl, 1.0 g/L of KHCO 3 , and 0.037 g/L of Na 4 EDTA in H 2 O) and incubated for 5 minutes at room temperature. After washing (twice), cells were resuspended in 0.5-mL FACS medium. Flow cytometry was performed at the Transplantation Laboratory of the University of Pittsburgh Medical Center with the use of a FACScalibur (Becton Dickinson), and data were processed with the use of CellQuest (Becton Dickinson) software in a blinded manner.
Biventricular Working-Heart Transplantation Model
We employed a working-heart CR model by transplanting an en bloc heart and lung from a PVG.1U rat into the abdomen of a PVG.R8 rat as an allograft (nϭ21) and PVG.R8 to PVG.R8 as an isograft (nϭ9). The transplantation model and surgical procedures for our heterotopic biventricular working-heart model have been described elsewhere. 25 In brief, donors were anesthetized by inhalation of isoflurane (Abbott Laboratories, North Chicago, Ill). The chest wall was opened after injecting 500 U/kg body wt of heparin sodium (Baxter, Deerfield, Ill) into the inferior vena cava (IVC). The left lung was ligated and excised. The azygos vein and the left and right superior vena cava were ligated and divided. Then the descending thoracic aorta was transected, and 10 mL of cold lactated Ringer's solution (Abbott Laboratories) was infused into the IVC followed by ligation and division of the IVC. The ascending aorta was dissected and transected at the portion between the left common carotid artery and the left subclavian artery, followed by ligation and division of the right brachiocephalic artery and the left common carotid artery. The grafts were then placed into cold lactated Ringer's solution until transplantation.
The recipients were intubated and ventilated at 1.0 mL/100 g body wt and 60 strokes per minute with a 70% O 2 , 30% N 2 O, and 2.5% isoflurane gas mixture. Both the abdominal aorta and the IVC were dissected and clamped. The graft aorta and superior vena cava were anastomosed to the recipient aorta and IVC, respectively, in an end-to-side fashion with a continuous 8-0 polypropylene suture (Ethicon Inc, Somerville, NJ). Rhythmic heartbeats commenced spontaneously after unclamping. The heart rates and ejection fractions of the transplanted hearts were similar to those of the native hearts and also exhibited good wall motion with strains at physiological ranges (determined by tagged MRI). The abdominal wall was sutured with 6-0 silk (Ethico Inc). Graft survival was monitored daily after transplantation for 1 week and then weekly by palpating the transplanted heart.
In Vivo Cell Labeling
The MPIO particles (0.9-m classic magnetic microspheres, catalog No. MC05F) were purchased from Bangs Laboratories (Fishers, Ind) and prepared by washing and resuspension in PBS at 3 mg Fe per milliliter. Immune cells of the allograft recipients (nϭ15) and isograft recipients (nϭ6) were labeled by direct intravenous injection of MPIO (4.5 mg Fe per rat) 1 day before transplantation. Three PVG.R8 rats that did not undergo surgery were injected with MPIO 7 days before first in vivo MRI. Six allografts and 3 isografts without injection of MPIO particles also served as control groups.
MPIO Blood Clearance Half-Life
Brown Norway rats (nϭ4) were anesthetized and ventilated as described above. The rats were given an injection of 6 mg Fe per kilogram body weight MPIO via a femoral arterial catheter, and at least six 150-L blood samples were taken over a period of up to 30 minutes in addition to a baseline sample. After each sample, blood volume was replaced with isotonic saline. Blood samples were placed in heparin-coated tubes and mixed with 150 L of 4% agarose. The transverse relaxation rate (1/T 2 ) of each gel sample was measured at 7 T with a Bruker (Billerica, Mass) Biospec scanner, and the resulting data were fitted to a single exponential to determine the blood clearance half-life.
In Vivo MRI
To monitor the labeled macrophages, serial in vivo MRI of the rat hearts was started 1 week after MPIO injection, then at weekly or biweekly intervals for up to 16 weeks. For MRI, rats were intubated and mechanically ventilated as described above. The core body temperature was maintained at 36.5Ϯ1°C with the use of a warm air heating system (SA Instruments, Stony Brook, NY). ECG leads were placed in the abdominal region to detect the transplanted heart rate.
MRI was performed on a Bruker AVANCE AV 4.7-T/40-cm system equipped with a 12-cm, 40-G/cm shielded gradient set. A 5.5-cm home-built surface coil was used for excitation and detection. Multislice ECG-and respiratory-gated T* 2 -weighted gradient-echo images were acquired with the following parameters: repetition timeϭ1 respiration cycle (Ϸ1 s); echo timeϭ8 ms; field of viewϭ3 to 4 cm; slice thicknessϭ1 or 1.5 mm; in-plane resolutionϭ156 m.
MR Microscopy
After in vivo MRI studies, hearts were harvested, fixed in 4% paraformaldehyde overnight, then stored in PBS. The hearts were imaged by using a Bruker AVANCE 11.7-T/89-mm system with a Micro2.5 gradient insert. High-resolution 3-dimensional images were acquired with the following parameters: repetition timeϭ500 ms; echo timeϭ8 ms; isotropic resolutionϭ40 m.
Histological Examination
Histological examinations were performed by the University of Pittsburgh Medical Center Transplantation Pathology Laboratory. Briefly, paraffin-embedded 5-m sections underwent hematoxylin and eosin (H&E) staining for evaluation of tissue pathological changes, Perl's Prussian blue staining for detection of the presence of iron, and immunohistochemical staining with mouse anti-rat ED1 ϩ monoclonal antibody (AbD Serotec, MorphoSys UK Ltd, Oxford, UK) for observation of macrophages. In addition, double immunofluorescent staining was performed on 6 allografts from rats that had not been injected with MPIO to identify recipient macrophages within the heart graft. Five-micrometer sections of snap-frozen allograft tissue were incubated with mouse anti-rat ED1 ϩ mAb for 30 minutes in the dark at room temperature followed by incubation with biotinylated anti-mouse antibody and avidin D Texas red (Vector Laboratories, Peterborough, UK). Sections were then incubated with anti-rat RT1.A a,b,l -FITC mAb in the dark at 4°C overnight for determination of recipient PVG.R8 rat cells.
Fluorescence Microscopy Assessment
Fluorescence images of infiltrating recipient cells were obtained from 6 allografts with ϫ200 magnification with the use of an Olympus Provis AX 70 fluorescence microscope equipped with an automatic exposure system (Olympus, Tokyo, Japan). Sections were examined with dual-channel fluorescence, ie, in FITC channel (480 nm excitation, 518 nm emission) for recipient PVG.R8 cell detection and Texas red channel (595 nm, 615 nm) for ED1-positive cell detection. Dual-channel fluorescence images were examined with the same field of view. Both ED1-positive and RT1.A a,b,l -FITCpositive cell numbers were counted in a blinded manner as the number of cells per field of view at a magnification of ϫ200 on 5 randomly chosen fields per section. Double-positive (ED1 ϩ / RT1.A a,b,l -FITC ϩ ) cells are considered recipient macrophages.
Statistical Analysis
The numbers of anti-rat ED1-positive cells (macrophages) and anti-rat RT1.A a,b,l -FITC-positive cells (recipient cells) are expressed as the average of 5 counts ϮSD. Comparisons between the recipient cells and total macrophages at 3 weeks and 16 weeks after transplantation were performed with an unpaired 2-tailed Student t test. A probability value Ͻ0.05 was considered statistically significant.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Typing PVG.R8 and PVG.1U Rats by Flow Cytometry
Blood samples from PVG.R8 (RT1.A a B u D u C u ) and PVG.1U (RT1.A u B u D u C u ) rats were analyzed by flow cytometry with the use of anti-rat RT1.A a,b,l -FITC mAb for the purpose of distinguishing the 2 colonies of rats. Figure 1A to 1D represents blood samples from 4 PVG.R8 rats, and Figure 1E to 1H represents samples from 4 PVG.1U rats. First and third row samples were stained with an isotype control, and second and bottom row samples were stained with an anti-rat RT1.A a,b,l -FITC antibody. Flow cytometry data indicate that only the blood samples obtained from PVG.R8 rats stained with anti-rat RT1.A a,b,l -FITC mAb show positive staining.
MPIO Blood Clearance Half-Life
Measured blood sample relaxation rates from each rat were fitted assuming first-order kinetics. The average blood clearance half-life (t 1/2 ) was determined to be 1.2Ϯ0.6 minutes.
MRI Detection of Recipient Cells Labeled With MPIO
Recipient cells were labeled in vivo with 0.9-m MPIO 1 day before transplantation. In vivo MRI of rat heart grafts was started 1 week after intravenous injection of MPIO and then subsequently imaged weekly for a period of up to 16 weeks. Representative T 2 *-weighted serial in vivo images are shown in Figure 2 for an allograft on POD 7 (Figure 2A ), POD 14 ( Figure  2B ), and POD 20 ( Figure 2C ). One week after transplantation, the heart allografts display a few very distinct, dark spots of hypointensity (Figure 2A ). This indicates that MPIO-labeled host cells have infiltrated to the graft after transplantation. At subsequent time points, more discrete regions of hypointensity appear in the same graft without an additional injection of contrast agent ( Figure 2B and 2C) , indicating an increase in the number of labeled cells migrating to the rejecting heart graft. In contrast, only a few discrete areas of hypointensity were seen in the isograft hearts early after transplantation, and no increase was seen at later time points (in vivo results not shown).
High-resolution MR microscopy on fixed tissue is more sensitive in detecting MPIO-labeled cells that have infiltrated the heart. Figure 2D shows a MR microscopy image of the allograft harvested after in vivo MRI (shown in Figure 2C ) on POD 20. Punctate hypointensity can be seen clearly, and each spot of hypointensity is discrete and circular, likely resulting from an individual labeled macrophage. This finding is consistent with previous phantom studies of MPIO-labeled cells and studies in which an acute rejection model is used. 22, 23 Figure 3A shows a representative MR microscopy of an allograft harvested at a later time point (POD 109). More MPIO-labeled macrophages have accumulated in the graft as CR progresses. A representative MR microscopy image of an isograft heart harvested on POD 119 is shown in Figure 3B . A very few spots of hypointensity are seen but significantly less than observed in allograft hearts. Two representative native heart MR microscopy images are shown in Figure 3C and 3D. The heart in Figure 3C was harvested 1 week after MPIO injection. Very sparse hypointense spots are seen. The heart shown in Figure 3D did not receive a contrast agent injection, and no hypointense spots are seen.
H&E Staining for Examination of Graft Pathological Changes
H&E examination shows that allografts exhibited evidence of CR marked by mild to moderate perivascular and myocardial focal infiltration, intimal thickening, and arteriosclerotic lesions. Representative light microscopy images of H&Estained tissues from heart grafts harvested after in vivo MRI are shown in Figure 4 . Arterial intimal thickening and perivascular inflammation are present in the allograft as early as POD 22 (Figure 4A , arrows) and are more extensive by week 16 after transplantation ( Figure 4B, arrows) . These pathological changes are not seen in isografts ( Figure 4C and 4D) harvested at the same time periods as the allografts. 
MRI Contrast Results From MPIO-Labeled Macrophages
After MR microscopy assessment, grafts were sequentially sliced and analyzed with Perl's Prussian blue staining. The staining detects iron from the MPIO-labeled cells within the graft. Figure 5 shows the comparison of a MR microscopy image and staining of the corresponding section with iron stain in an allograft on POD 94. The MR microscopy image shows discrete, circular areas of hypointensity ( Figure 5A ). These areas of hypointensity are due to the presence of MPIO-labeled cells, which was confirmed by staining the corresponding section with Perl's Prussian blue for iron ( Figure 5B ). Figure 5C is the expansion of the boxed region in Figure 5B . Good agreement is present between the localization of the iron-positive cells seen with iron staining and the regions of hypointensity detected by MR microscopy. Figure 6 shows optical micrographs of a representative allograft (harvested on POD 106). Two neighboring 5-m sections are shown: Figure 6A , stained with Perl's Prussian blue for iron, and Figure 6B , stained with anti-rat ED1 ϩ mAb for monocytes/macrophages. Figure 6C is an overlay, illustrating that the iron-containing cells correlate well with the ED1 ϩstained macrophages. These results confirm that the hypointense spots observed by MRI are MPIO-labeled macrophages.
Recipient Macrophages Are Present at an Early Stage and Persistent in Chronic Cardiac Allograft Rejection
We have shown that some of the ED1-positive cells infiltrating the CR rejection site are recipient cells. The presence of host macrophages in the early stages (POD 20) of CR has been confirmed by immunofluorescence staining. Frozen tissue sections were stained with anti-rat ED1 ϩ mAb for macrophages ( Figure 7A ), and the same section was then stained with anti-rat RT1.A a,b,l mAb for rat PVG.R8 ( Figure  7B ). The image in Figure 7A and 7B was taken over the same field of view. Figure 7C is an overlay image of Figure 7A and 7B. Figure 8 summarizes the total number of ED1-positive cells and recipient macrophages present in the allograft at 3 weeks and 16 weeks after transplantation, respectively. The amount of ED1-positive cells and recipient macrophages found in the allograft significantly (Pϭ0.003 and Pϭ0.0026, respectively) increases during the CR process, and the cell infiltration is heterogeneous, indicated by the large SD.
Discussion
MRI is an excellent imaging modality for both clinical applications as well as basic biomedical research. Recently, it has been shown that in vivo MRI can monitor cell migration and observe cellular biological processes when appropriate contrast agents are used. [17] [18] [19] [20] [21] [22] [23] We have used a novel rat model and cellular MRI of labeled macrophages to study CR, which continues to be the major cause of graft loss and contributes to the morbidity and mortality in organ transplant patients. The ability to noninvasively track cells in vivo can lead to a better understanding of the complex immune mechanisms involved in chronic cardiac allograft rejection.
Iron oxide-based contrast agents, such as USPIO, SPIO, and MPIO, have been used to label and track cells in vivo by MRI. The in vivo cell labeling efficiency, by direct intrave- nous injection, is low because of particle dilution and accessibility. In the case of smaller particles, such as USPIO and SPIO, cells must ingest thousands of particles to create a local magnetic field gradient that is detectable by T 2 *-weighted MRI, especially at the level of a single cell. Each MPIO, however, can contain picogram quantities of iron, and therefore 1 or only a few MPIO particles loaded into a cell are sufficient for MRI detection. 20 -23 Electron micrograph studies have shown that macrophages concentrate MPIO within membrane-bound vesicles. 22, 23 The macrophage then becomes the basic unit of contrast, and because the superparamagnetic iron center can propagate a magnetic field gradient as much as 50 times its radius, individual cells can be easily detected with the imaging parameters used here. 22, 23 As well, it has been reported that single iron oxide-labeled cells can be detected at 1.5 T, and thus clinical translation of cellular tracking studies with appropriate conditions should be possible. 26 In this study, cells were tracked in a rat model of CR by in vivo MRI at 4.7 T for Ͼ100 days after a single intravenous injection of MPIO to the recipient 24 hours before transplantation. We have found that the blood half-life of the 0.9-m MPIO is short (Ͻ2 minutes) in rats, suggesting that the MPIO particles are immediately taken up by the reticuloendothelial system, including macrophages. Thus, no free particles should be circulating at the time of transplantation or at later time points. Ex vivo cellular labeling studies have also shown that macrophages phagocytose or endocytose the MPIO particles more readily than other cells types, such as B cells and T cells, and thus our in vivo labeling strategy is likely selective for macrophages. 22, 23 Although we cannot rule out nonmacrophage labeling, the histological correlation of iron staining and ED1-positive cells as well as our previous double fluorescence studies using an acute rejection model in rats 22 supports our findings of recipient macrophage trafficking and accumulation in the graft experiencing CR. Consistent with previous results that the 0.9-m MPIO particles do not affect cell function and proliferation, they do not appear to have any long-term toxic effects on the organism. 20 -23 The present study clearly demonstrates the effectiveness of in vivo macrophage labeling with MPIO for long-term longitudinal cell tracking studies by MRI.
Immunosuppressive therapy used in organ transplantation curtails acute rejection quite effectively but does not prevent CR in either humans or animals. Mononuclear cell infiltration at later stages of CR is primarily presented by macrophages. 9 -13 This suggests that macrophages are not only involved with acute rejection but can also participate in the promotion of CR. In our rat model of CR, MPIO-labeled macrophages are observed accumulating in the grafted heart as early as 7 days after transplantation. Serial in vivo MRI shows more accumulation as CR develops. We see some labeled-macrophage accumulation in the isograft controls early on; however, the number of labeled cells found in the isografts does not increase over time and is sparse at later time points. The early accumulation in the isograft may be in response to the transient ischemia/reperfusion injury. A few hypointensity contrast spots are seen in high-resolution MR microscopy images of the native hearts after MPIO injection. This may reflect MPIO taken up by resident-tissue macrophages. 27 This mechanism is not likely responsible for MPIO Figure 7 . Fluorescent microscopic images (magnification ϫ400) of double immunofluorescent staining on frozen tissue from an allograft on POD 20. A, A section staining with anti-rat ED1 mAb (for macrophages, arrows, red). B, The same section as A, staining with antirat RT1.A a,b,l mAb (for rat PVG.R8, arrows, green). The images shown in A and B were taken over the same field of view; C is an overlay image of A and B. These data indicate that recipient immune cells, mainly macrophages, are present at the early stages of chronic CR. Figure 8 . Quantification of total macrophage and recipient macrophage cells infiltrated into grafted hearts at 3 weeks and 16 weeks after transplantation. Cell numbers were counted on 5 randomly chosen fields per section of the double immunofluorescent staining images. Cells that exhibit both ED1 and RT1.A a,b,l (recipient marker) fluorescence were considered recipient macrophages. The counting was performed in a blinded manner at a magnification of ϫ200. Data are graphically presented as meanϮSD. *PϽ0.05 was considered statistically significant. The amount of ED1-positive cells and recipient macrophages present in the allograft significantly (Pϭ0.003 and Pϭ0.0026, respectively) increases as CR progresses between 3 and 16 weeks. accumulation in our transplant animals because the MPIO injection is 24 hours before surgery and the blood clearance of the MPIO is rapid.
Allograft hearts had fewer cells that were positive for both RT1.A a and ED1 markers than ED1-positive only cells, suggesting that some of the ED1-positive cells may be of donor origin. Alternatively, anti-rat RT1.A a,b,l -FITC mAb used to identify recipient cells may be less sensitive for immunohistochemical staining. Further investigation of the distribution of these cell populations will help us to understand the role they play in allograft CR. Studies of this nature could identify new targets for immunotherapy in organ transplantation.
The hallmark of CR in heart allograft is arteriosclerosis characterized by diffuse, concentric intimal thickening, resulting in narrowing and ultimate luminal occlusion of the arteries of the graft. [3] [4] [5] Studies have indicated that vascular narrowing is primarily caused by the proliferation of smooth muscle cells, and recipient monocyte/macrophages seen in the vessel wall at the initial stage of chronic rejection may contribute to the luminal occlusion process. 8 -11 This study shows that recipient macrophages migrate to the transplanted heart at the early stages of CR and accumulate over time. This finding is in agreement with previous reports. 10 -13 These recipient macrophages may be involved in an initial inflammatory response that promotes the development of CR by releasing platelet-derived growth factor to prompt smooth muscle cell proliferation, producing tumor necrosis factor-␣ and interleukin-1 to promote inflammation and presenting transforming growth factor-␤ and matrix metalloprotease to induce fibrosis. 8 -11 Early macrophage infiltration correlates with a poor prognosis, and persistence of macrophage accumulation after resolution of acute rejection episodes is predictive of CR after transplantation. 12, 13 Thus, monitoring macrophage activities with the use of in vivo MRI provides a novel methodology for studying the mechanisms of CR progression. This technique may potentially lead to a clinical tool for diagnosing CR, managing treatment, and predicting outcomes after organ transplantation.
In summary, our results show the following: (1) the infiltration of MPIO-labeled recipient immune cells, mainly macrophages, can be detected by in vivo MRI for Ͼ100 days;
(2) it is primarily the macrophages that contained the MPIO particles, as confirmed by histology and fluorescence microscopy; (3) the biventricular working-heart CR model is a good rat model to mimic the clinical situation for the purpose of studying the migration of recipient cells as well as the process of ongoing recipient-donor alloimmune interaction in the cardiac allograft undergoing CR; and (4) recipient macrophage cells are present at the early stages of CR and remain in the graft for an extended period of time.
In conclusion, our approach of tracking immune cells noninvasively by in vivo MRI has great potential to further our understanding of the cellular mechanisms involved in CR. Moreover, this study demonstrates the feasibility of noninvasively observing individual targeted cells over long periods of time with the use of in vivo MRI.
